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NATIONAL AERONAUTICS AND SPACE ADYENISTMTION 

TECHNICAL NOTE D-1650 

AERODYNA.MIC CHARACTERISTICS OF A LARGE-SCALE MODEL 

WITH TWO HIGH DISK-LOADING FANS 

MOUNI'ED I N  THE WING 

By David H. Hickey and Leo P. H a l l  

The aerodynamic c h a r a c t e r i s t i c s  and performance of d i r e c t  l i f t i n g  f ans  
mounted i n  both wing panels  of a l a r g e  s c a l e  VTOL a i r p l a n e  were i n v e s t i g a t e d  dur- 
ing low-speed f l i g h t .  The model had a shoulder-mounted wing of aspect  r a t i o  3.5. 
The e f f e c t s  on l o n g i t u d i n a l  c h a r a c t e r i s t i c s  of f a n  operat ion,  of t h r u s t  c o n t r o l  by 
means of d e f l e c t i n g  t h e  f a n  e f f l u x ,  and of t r a i l i ng -edge  f l a p  d e f l e c t i o n  were 
s tud ied .  Control  power a v a i l a b l e  from t h r o t t l i n g  t h e  fans with d i f f e r e n t i a l  e x i t  
louver d e f l e c t i o n  w a s  a l s o  determined. 

The l i f t i n g -  f an pe r f  ormance , t h ree -  component long it ud ina l  char a c t  er i s t i c  s , 
wing-surface s t a t i c - p r e s s u r e  d i s t r i b u t i o n s ,  and downwash a t  t h e  h o r i z o n t a l  t a i l  
are included herein.  

INTRODUCTION 

F u l l - s c a l e  s t u d i e s  of t h e  f a n  performance and aerodynamic c h a r a c t e r i s t i c s  of 
a model with t h e  General E l e c t r i c  X353-5 high disk-loading l i f t i n g  f a n  mounted i n  
t h e  fuselage ( refs .  1, 2, and 3)  demonstrated t h e  f e a s i b i l i t y  of t h e  p a r t i c u l a r  
l i f t i n g - f a n  conf igu ra t ion .  When two fans  became a v a i l a b l e  t h e  present  f u l l - s c a l e  
i n v e s t i g a t i o n  w a s  made with t h e  fans mounted i n  t h e  wings. Small-scale r e s u l t s  
of a s i m i l a r  i n v e s t i g a t i o n  on a semispan wing are r epor t ed  i n  r e fe rence  4. 

A shoulder-mounted wing conf igu ra t ion  w a s  s e l e c t e d  t o  provide favorable  
aerodynamic c h a r a c t e r i s t i c s  and t o  minimize ground e f f e c t .  The fans were mounted 
i n  t h e  wing as near  t o  t h e  fuse l age  as p r a c t i c a b l e ,  with t h e  f a n  axis at 40 per- 
cent  of  t h e  l o c a l  chord. The e f f e c t s  on aerodynamic c h a r a c t e r i s t i c s  of exit-vane 
d e f l e c t i o n ,  f l a p  d e f l e c t i o n ,  wing geometry (with and without t h e  wing t i p s  removed), 
and s e v e r a l  f a n  i n l e t s  were obtained over t h e  t r a n s i t i o n  speed range. 

Fan performance, gene ra l  aerodynamic c h a r a c t e r i s t i c s ,  wing-surface s t a t i c -  
p re s su re  d i s t r i b u t i o n s ,  and l o n g i t u d i n a l  s t a b i l i t y  and c o n t r o l  r e s u l t s  were 
obtained with t h e  b a s i c  configurat ion.  Power and c o n t r o l  requirements f o r  
balanced f l i g h t  through t r a n s i t i o n  were ca l cu la t ed .  



NOTATION 
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pitching-moment c o e f f i c i e n t ,  - 

N yawing-moment c o e f f i c i e n t ,  - 
qSb 

s ide - fo rce  c o e f f i c i e n t ,  
qs 

drag, lb, or  r o t o r  diameter, f t  

h o r i z o n t a l - t a i l  incidence angle ,  deg 

t o t a l  l i f t  on model, l b  

p i t c h i n g  moment, f t - l b  

r e a c t i o n  moment r equ i r ed  at low speed, f t - l b  

yawing moment, f t - l b  

l o c a l  s t a t i c  pressure,  l b / s q  f t  

t e s t  s e c t i o n  s t a t i c  p re s su re ,  l b / s q  f t  

p re s su re  c o e f f i c i e n t ,  

s tandard atmospheric pressure,  2116 l b / s q  f t  

p1 - ps 
q 

f ree-s t ream dynamic pressure,  l b / sq  f t  

Reynolds number, o r  r o l l i n g  moment, f t - l b  
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cor rec t ed  f a n  r o t a t i o n a l  speed 

wing a rea ,  s q  f t  
0 0 

complete ducted f an  t h r u s t  i n  t h e  l i f t  d i r e c t i o n  with a. = 0 and p = 0 
pAvj2, l b  

a i r  v e l o c i t y ,  f t / s e c  

f ree-s t ream air  v e l o c i t y ,  knots  

g ross  weight, lb 

d i s t a n c e  from t h e  l ead ing  edge of t h e  wing, f t  

spanwise d i s t a n c e  perpendicular  t o  t h e  plane of symmetry, f t  

s i d e  f o r c e ,  l b  

perpendicular  d i s t a n c e  from t h e  chord l i n e  t o  t h e  a i r f o i l ,  f t  

angle  of  a t t a c k  of t h e  wing chord plane,  deg 

f a n  exit-vane d e f l e c t i o n  angle  from t h e  f a n  a x i s ,  deg 

d i f f e r e n c e  i n  exit-vane angle of a l t e r n a t e  vanes, o r  d i f f e r e n c e  between 
exit-vane ang le s  of  t h e  l e f t  and r i g h t  f ans ,  pL - pR, deg 

PS r e l a t i v e  s t a t i c  p re s su re ,  - 

t r a i l i ng -edge  f l a p  d e f l e c t i o n  measured normal t o  t h e  hinge l i n e ,  deg 
PO 

ar t r iculated i n l e t  vane angle  with r e spec t  t o  t h e  f a n  a x i s ,  deg 

average downwash angle  a t  t h e  h o r i z o n t a l  t a i l ,  deg 

f r a c t i o n  of  wing semispan, - 

wing t a p e r  r a t i o  

vo3 t ip-speed r a t i o ,  - 
wR 

d e n s i t y ,  lb-sec2/f t4  

2Y 
b 

angle  between t h e  f a n  a x i s  and t h e  f i x e d  p o r t i o n  of t h e  a r t i c u l a t e d  i n l e t  
vanes , deg 

fan r o t a t i o n a l  speed, radians/sec 
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average 

f an  

f a n  e x i t  

i n  a d i r e c t i o n  t o  produce r o l l  

l e f t  

r e a c t i o n  con t ro l  

r i g h t  

s t a t i c  condi t ions 

i n  a d i r e c t i o n  t o  reduce t h r u s t  

uncorrected 

forward speed condi t ion 

i n  a d i r e c t i o n  t o  produce yaw 

v a r i a b l e  angle of  a t t a c k  

v a r i a b l e  exit-vane angle 

a p a r t i c u l a r  i n l e t  vane when used with 
( f i g .  2) 

8 ( f i g .  4), or moment c e n t e r  

MODEL AND APPARATUS 

Photographs of t h e  model as mounted i n  t h e  Ames 40- by 80-Foot Wind Tunnel 
are presented i n  f i g u r e  1. 
shown i n  f i g u r e  2 .  

A sketch of t h e  model giving p e r t i n e n t  dimensions i s  

Model D e t a i l s  

Wing geometry.- Wing configurat ion 1 had an aspect  r a t i o  of 3 . 5 ,  t a p e r  r a t i o  
of 0 . 5 ,  and sweepback of 16' a t  t h e  quarter-chord l i n e .  
w a s  tangent t o  t h e  fuselage t o p  a t  t n e  maximum th i ckness  p o i n t .  
a i r f o i l  s ec t ion  (coordinates  are i n  t a b l e  I) vas b a s i c  f o r  t h e  wing. 
i n l e t  w a s  designed f o r  an untapered wing; t h e  r e s u l t a n t  bulge and f a i r i n g  increase1 

The wing upper surface 
An NACA 6 5 ~ - 2 1 0  

The f a n  
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wing th ickness  t o  10.9 percent  a t  t h e  outboard edge of t h e  f a n  (17 = 0.51) 
a i r f o i l  contour w a s  regained a t  7 = 0.57. Unless otherwise s t a t e d ,  t h e  r e s u l t s  
a r e  f o r  wing conf igura t ion  1. 

Normal 
~ 

~ 

~ 

Wing conf igura t ion  2 w a s  t h e  same as 1 except t h a t  t h e  wing t i p ,  t h e  outboard 
36 percent  semispan of conf igura t ion  1, w a s  removed. 
an aspect  r a t i o  of 2.05 and t a p e r  r a t i o  of 0.68. 

The r e s u l t a n t  geometry had 

De ta i l s  of t h e  p l a i n  t r a i l i ng -edge  f l a p  are shown i n  f i g u r e  3. 
extended from 16.8 t o  64 percent  semispan. 
were t e s t e d .  The f i g u r e  a l s o  shows t h e  l o c a t i o n  of pressure  instrumentat ion on 
t h e  wing and i n  t h e  fans .  Although not shown on t h e  f igu re ,  t h e  r i g h t  wing had 
chordwise s t a t i c - p r e s s u r e  s t a t i o n s  from 0 t o  5 percent  chord. 

Tge  f l a p  
, Flap  de f l ec t ions  of Oo, 30 , and 60' 

Fuselage.-  The fuse l age  had a maximum diameter of 6.5 feet .  Forward of t h e  
i 
1 

maximum th ickness  poin t  t h e  c ross  sec t ions  were c i r cu la r ;  aft  of t h i s  po in t  t h e  
fuse lage  gradual ly  became e l l i p t i c a l  with t h e  major a x i s  i n  t h e  ho r i zon ta l  d i rec-  
t i o n .  
t h e  fuse lage .  

The YJ-85-5 gas genera tors  f o r  dr iv ing  t h e  fans  were p a r t i a l l y  contained i n  

T a i l . -  Geometry and l o c a t i o n  o f  t h e  t a i l  a r e  shown i n  f i g u r e  2. The a l l -  
0 

movable ho r i zon ta l  t a i l  w a s  p ivoted  at t h e  quar te r  chord and had a range from -10 
t o  +30° incidence.  ~ 

1 hor i zon ta l  t a i l s  were removed. 
For t h e  t e s t s  ind ica t ed  " t a i l  off," both t h e  v e r t i c a l  and 

Propulsion System 

The General E l e c t r i c  X353-5 l i f t i n g - f a n  engine passes  t h e  exhaust gases from 

Both fans  

, a gas generator  through t h e  f a n  tip-mounted t u r b i n e  t o  d r ive  t h e  fan.  The fans  
were designed t o  be operated i n  conjunction with 585-5 gas generators .  
rotated i n  a counterclockwise d i r e c t i o n  when viewed from above t h e  model. 

Fan i n s t a l l a t i o n . -  The wing completely enclosed t h e  fan except f o r  t h e  hub, 
which protruded from t h e  wing upper sur face .  A d i v e r t e r  va lve  i n s t a l l e d  i n  t h e  
t a i l  pipe of t h e  gas generator  allowed t h e  exhaust from t h e  gas generator  t o  be 
used e i t h e r  t o  d r ive  t h e  f an  o r  t o  provide d i r e c t  t h r u s t .  A s  can be seen i n  f i g -  
ures 1 and 2, t h e  gas genera tors  and d i v e r t e r  va lves  were p a r t i a l l y  submerged i n  
t h e  fuse lage .  

Fan d e t a i l s . -  The 62.5-inch-diameter f a n  has a s i n g l e  r o t o r  with 36 blades.  
A s i n g l e  s t age  of s t a t o r s  w a s  employed behind t h e  r o t o r ,  and a cascade of e x i t  

~ vanes w a s  mounted downstream of t h e  s t a t o r s .  These vanes extended across  t he  t i p  
t u r b i n e  exhaust and were used both t o  vec to r  t h e  f a n  flow and as a lower sur face  
wing c losure  ( p  = 90 ) .  
pendent gangs of e x i t  louvers  per  fan .  The louvers  had independent d r ive  systems 
so  t h a t  t h r u s t  could be con t ro l l ed  by t h r o t t l i n g  t h e  f a n  with t h e  two e x i t  louver 
gangs. The vane a i r f o i l  s ec t ions  had a maximum th ickness  o f  10-percent chord at 
20-percent chord and had a maximum of 2.3-percent-chord camber of t h e  mean l i n e  
a t  35-percent chord. 

0 Al te rna te  vanes were l i nked  toge the r  t o  provide two inde- 



Fan i n l e t s . -  Photographs and d e t a i l s  of t h e  three i n l e t s  t e s t e d  are shown i n  
f i g u r e  4. I n l e t  1 cons is ted  only of t h e  f ixed  c i r c u l a r  vane po r t ion  shown i n  f i g -  
ure  4 (b ) .  This  vane had a 12-percent th ickness  t o  chord r a t i o  loca t ed  at 
25-percent chord and a camber of 10 percent  of t h e  mean l i n e  loca t ed  at 45-percent 
chord. I n l e t  2 cons is ted  of t h e  c i r c u l a r  vane of i n l e t  1 with f i v e  a d d i t i o n a l  
f i xed  spanwise vanes. A sketch of t h e  i n l e t  i s  shown i n  f i g u r e  4(b), and d e t a i l s  
of t h e  i n l e t  vanes are l i s t e d  i n  t a b l e  11. Unless otherwise s t i p u l a t e d ,  t h e  pre- 
sen ted  da ta  are with i n l e t  2. The i n l e t s  mentioned thus  far have been s m a l l  and 
uncomplicated. All t h e s e  vanes f i t  wi th in  t h e  wing contour; covers are  r equ i r ed  
i n  c ru i s ing  f l i g h t  t o  c lose  t h e  f a n  aper ture .  I n l e t  3, with v a r i a b l e  i n l e t  vane 
angle  c a p a b i l i t y ,  combines t h e  i n l e t  with t h e  f an  ape r tu re  c losure  ( f i g .  4 ( c ) ) .  
The vanes ( f i v e  i n  a l l )  cons is ted  of a f ixed  t r a i l i ng -edge  po r t ion  and t h e  l a r g e ,  
movable forward po r t ion  which a l s o  served as a wing closure.  The movable po r t ions  
were l i nked  toge ther  s o  t h a t  movement of each vane w a s  preprogrammed. The i n t e r -  
r e l a t i o n s h i p  between t h e s e  vanes i s  shown i n  f i g u r e  4 (d ) .  

TESTING AND PROCEDURE 

Longitudinal  fo rce  and moment da t a  w e r e  obtained through an angle-of-at tack 
Fan performance and wing sur face  pressure  d i s t r i b u t i o n s  I range from -bo t o  t-20'. 

were a l s o  measured. 
ing  t o  maximum Reynolds numbers of 12.4 mi l l ion .  
2400. 

Airspeed of t h e  t es t s  v a r i e d  from 0 t o  100 knots,  correspond- 
Fan RPM w a s  va r i ed  from 1100 t o  

Tests With Constant Angle of Attack 

~ A t  0' angle  of a t t ack ,  f a n  speed and wind-tunnel v e l o c i t y  were v a r i e d  
independently. Resul t s  were obtained f o r  s eve ra l  exit-vane angles  and combinations 
of d i f f e r e n t i a l  exit-vane angles ,  t h r e e  i n l e t s ,  and t h r e e  f l a p  de f l ec t ions ,  and 
with t h e  t a i l  on and o f f .  

I 

Tests With Varying Angle of Attack 

Fan RPM w a s  maintained e s s e n t i a l l y  constant  when angle  of a t t a c k  w a s  var ied .  
These da t a  were obtained at seve ra l  va lues  of f a n  RPM and tunne l  a i r speed .  The 
model v a r i a b l e s  t e s t e d  i n  t h i s  manner are t h e  same as those  mentioned above. 

C OFiRECTIONS 

Force d a t a  obtained without t h e  f a n  operat ing were cor rec ted  f o r  t h e  e f f e c t  
of t h e  wind-tunnel w a l l  i n t e r f e rence ,  as follows : 

I 6 



a = Q + 0.g2CL u 

CD = cD, + 0 . 0 1 6 ~ ~ ~  

Cm = C + 0.0105Ck ( t a i l  on only)  mu 
~ 

No wind-tunnel w a l l  co r r ec t ions  were made t o  t h e  f o r c e  da t a  obtained with t h e  f an  
operat ing s ince  t h e  e f f e c t  of t h e  f a n  a i r  flow on wind-tunnel co r rec t ions  i s  
unknown. The drag of t h e  model support  s t r u c t u r e  i s  a l s o  unknown; hence no drag 

1 t a r e  cor rec t ions  were appl ied.  

RESULTS 

Tip-speed r a t i o ,  p, w i l l  be used as t h e  independent parameter i n  t h e  following ' 
1 parameter, f ree-s t ream t o  fan-ve loc i ty  r a t i o ,  i s  shown i n  f i g u r e  5. 

da t a  presenta t ion .  The r e l a t i o n s h i p  between t ip -speed  r a t i o  and t h e  more genera l  

Unless otherwise noted t h e  following r e s u l t s  are f o r  wing conf igura t ion  1 
and f a n  i n l e t  2. 

Fan Charac te r i s t i c s  

The e f f e c t  of t e s t  and conf igura t ion  va r i ab le s  on f a n  performance when 
1 i n s t a l l e d  i n  a wing i s  shown by t h e  following r e s u l t s .  

Figures  6 through 9 present  t h e  f a n  performance as i n s t a l l e d  i n  t h e  wing. 
Figure 6 s h o w s  zero airspeed total lift on the  model w i t h  both f ans  operat ing.  
Comparable r e s u l t s  from re fe rence  1 are included i n  t h e  f igu re .  Figure 7 p resen t s  
the  v a r i a t i o n  of f a n  t h r u s t  w i t h  a i r speed  ( t ip -speed  r a t i o )  at 0 angle  of a t t a c k  
f o r  s eve ra l  f l a p  de f l ec t ions ,  a l l  t h r e e  i n l e t s ,  and both t h e  r i g h t  and t h e  l e f t  
fan.  Figures  8 and 9 show t h e  e f f e c t  of exit-vane angle  and angle  of a t t a c k ,  
r e spec t ive ly ,  on t h r u s t  of t h e  r i g h t  f a n  with t h e  t r a i l i ng -edge  f l a p  de f l ec t ed  30'. 

~ 

I 
I 

i 

1 

0 

I Aerodynamic Char a c t  er i s t  i c  s 

The fol lowing r e s u l t s  show t h e  e f f e c t  of f a n  operat ing v a r i a b l e s  and , conf igura t ion  v a r i a b l e s  on long i tud ina l  c h a r a c t e r i s t i c s  of t h e  model. 

I Angle of a t t a c k  of zero.-  Data i n  f igu res  10 through 14 show t h e  e f f e c t  of 
a i r speed  and f a n  RPM ( t ip -speed  r a t i o )  on long i tud ina l  c h a r a c t e r i s t i c s .  The 
v a r i a t i o n  with t ip -speed  r a t i o  of t h e  r a t i o  of l i f t  at forward speed t o  s t a t i c  

I 0 
1 l i f t  with 0 exi t -vane angle  i s  shown i n  f i g u r e  10. S imi la r  r e s u l t s  from 

I 7 



r e fe rence  1 and f a n  t h r u s t  from t h e  present  i n v e s t i g a t i o n  and r e fe rence  1 are 
included. Figure 11 shows t h e  v a r i a t i o n  of l o n g i t u d i n a l  c h a r a c t e r i s t i c s  with 
t ip-speed r a t i o  f o r  s e v e r a l  exit-vane angles ,  with two t r a i l i n g - e d g e  f l a p  de f l ec -  
t i o n s ,  and with t h e  t a i l  o f f .  
f i g .  2 ) .  S imi l a r  r e s u l t s  with t h e  h o r i z o n t a l  t a i l  on are presented i n  f i g u r e  12, 
and f o r  wing config7J;ration 2 (short-span wing) i n  f i g u r e  13. 
a r t i c u l a t e d  i n l e t  ( i n l e t  3 )  on t h e  v a r i a t i o n  of l o n g i t u d i n a l  c h a r a c t e r i s t i c s  with 
t ip-speed r a t i o  i s  shown i n  f i g u r e  14. 
f i x e d  vane i n l e t  are included on t h e  f i g u r e .  

Moments are presented f o r  two moment c e n t e r s  (see 

The e f f e c t  of t h e  

For comparison, s i m i l a r  r e s u l t s  with t h e  

Figures  15 through 21 show wing surface-pressure d i s t r i b u t i o n s .  Chordwise 
d i s t r i b u t i o n s  through t h e  f a n  a x i s  are presented i n  f i g u r e s  15 through 1-9 f o r  0 
and 30' f l a p  d e f l e c t i o n s ,  s e v e r a l  exit-vane angles,  and a t  d i f f e r e n t  t ip-speed 
r a t i o s ,  Chordwise p re s su re  d i s t r i b u t i o n s  a t  s e v e r a l  spanwise s t a t i o n s  are pre- 
s en ted  i n  f i g u r e  20 f o r  s e v e r a l  exit-vane angles  and t ip-speed r a t i o s .  Minimum 
leading-edge pressures  f o r  t h e  l e f t  and r i g h t  wing panels  are shown i n  f i g u r e  2 1  
f o r  s e v e r a l  t ip-speed r a t i o s  and 0 exit-vane angle.  

0 

0 

I The v a r i a t i o n  of average downwash a t  t h e  t a i l  with t i p - speed  r a t i o  i s  shown 
i n  f i g u r e  22 for several exit-vane angles.  

, 
Variable  angle  of a t t ack . -  Data i n  f i g u r e s  23 through 34 show t h e  v a r i a t i o n  

of l o n g i t u d i n a l  c h a r a c t e r i s t i c s  with angle  of a t t a c k .  Figures  23 through 26 - 
presen t  power-off l o n g i t u d i n a l  c h a r a c t e r i s t i c s .  
e x i t s  c losed  show, i n  f i g u r e  23, t h e  e f f e c t  of f l a p  d e f l e c t i o n  with t h e  t a i l  on 
and o f f  and, i n  f i g u r e  24, t h e  e f f e c t  of Reynolds number; f i g u r e  25 p resen t s  t h e  
power-off l o n g i t u d i n a l  c h a r a c t e r i s t i c s  of wing conf igu ra t ion  2 (short-span wing). 
The e f f e c t  of va r ious  open o r  p a r t l y  open f a n  i n l e t s  and e x i t s  on l o n g i t u d i n a l  
c h a r a c t e r i s t i c s  i s  shown i n  f i g u r e  26. 

Data with t h e  f a n  i n l e t s  and 

Flgures  through 34 show l o n g i t u d i n a l  cha rac t e r i s t j - c s  with t h e  fans 
operat lng.  
exit-vane angle  s e t t i n g s  are shown i n  f i g u r e  27. Fi-gures 28 and 29 present  r e s u l t .  
at higher speed i n  c o e f f i c i e n t  form; d a t a  f o r  t h r e e  exit-vane angles  a r e  presented 
i n  f i g u r e  28, f o r  t h e  t a i l  o f f ,  and i.n fi-gure 29, f o r  t h e  t a i l  on. Higher speed 
l o n g i t u d i n a l  c h a r a c t e r i s t i c s ,  which would be encountered beyond t h e  normal speed 
f o r  conversion from fan-supported t o  wing-supported f l i g h t ,  are shown i n  f i g u r e  30.  
The e f f e c t  of i-nlets 1 and 3 on l o n g i t u d i n a l  cha rac t e r i - s t i c s  i s  shown In f i g -  
u re s  3 1  and 32, r e spec t ive ly .  
f e r e n t i a l  exit-vane s e t t i n g s  to reduce t h r u s t  are shown i n  f i g u r e  33. 
c h a r a c t e r l s t i c s  with wi.ng configurat ion 2 a r e  shown i.n f i g u r e  34. 

Low-speed fo rces  and moments with and without t h e  t a i l  and f o r  two 

Longitudinal c h a r a c t e r s l t  i c s  with symmetrical d i f -  
Longitudinal 

Pitching-moment curve s lope  with t h e  t a i l  o f f  f o r  both moment cen te r s  i s  
shown as a func t ion  of t i p - speed  r a t i o  i n  f i g u r e  35 f o r  t h r e e  exit-vane angles.  
H o r i z o n t a l - t a i l  e f f e c t i v e n e s s  i s  presented i n  f i g u r e  36. 

I Control Power of D i f f e r e n t i a l l y  Deflected Ex i t  Vanes 

Operation of a l t e r n a t e  rows of e x i t  vanes t o  reduce f a n  e x i t  area and t h r u s t  
o f f e r s  a means of c o n t r o l l i n g  t h r u s t  and r o l l  with r a p i d  response rates. Thrust  
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w a s  con t ro l l ed  by symmetrically t h r o t t l i n g  each f a n  with two e x i t  louver gangs. 
Yaw w a s  con t ro l l ed  by t h e  asymmetric opera t ion  of t h e  complete ex i t - louver  cascade, 
and r o l l  w a s  con t ro l l ed  by t h r o t t l i n g  only one of t h e  fans .  i 

Data i n  f i g u r e s  37 and 38 show t h e  e f f e c t s  of d - i f f e r e n t i a l  louver opera t ion  

The e f f ec t iveness  
t o  reduce f a n  t h r u s t .  S t a t i c  t h r u s t  reduct ion  i s  shown i n  f i g u r e  37, and i t s  
e f f e c t  on long i tud ina l  c h a r a c t e r i s t i c s  i s  shown i n  f i g u r e  38. 
of d i f f e r e n t i a l l y  opera t ing  t h e  louvers  t o  produce yaw and r o l l  moments at s e v e r a l  
t ip -speed  r a t i o s  i s  shown i n  f i g u r e  39; t h e s e  r e s u l t s  a r e  f o r  l ong i tud ina l  and 
la teral  c h a r a c t e r i s t i c s .  

, 
I Balanced F l i g h t  

Power and c o n t r o l  requirements f o r  balanced f l i g h t  ( L  = W, D = 0 ) ,  as 
computed from t h e  t e s t  r e s u l t s ,  are presented  i n  f i g u r e  40 t o  i l l u s t r a t e  poss ib l e  
techniques f o r  performing t r a n s i t i o n s .  These requirements can be considered as an 
average between acce le ra t ing  and dece lera t ing  t r a n s i t i o n s  f o r  t h e  p a r t i c u l a r  
t r a n s i t i o n  techniques chosen. Many o ther  t r a n s i t i o n  techniques are poss ib l e .  
Resul t s  presented  i n  f i g u r e  40 are f o r  two center  of g r a v i t y  pos i t i ons  f o r  wing 
conf igura t ion  1, and f o r  one center  of g r a v i t y  pos i t i on  f o r  wing conf igura t ion  2. 
It w a s  assumed t h a t  t h e  conversion from fan-supported t o  wing-supported f l i g h t  
would occur a t  130 percent  of t h e  power-off s t a l l  speed. Figure 40(a)  presents  
t h e  angle-of-at tack v a r i a t i o n  with a i r speed ,  and the  requi red  f a n  RPM and e x i t -  
vane angle  f o r  balanced f l i g h t .  Figure 40(b) presents  t h e  moment t o  be trimmed 
f o r  t h e  f l i g h t  p lans  i n  f i g u r e  40 (a ) ,  t h e  t a i l  incidence angle  f o r  t r i m  or f o r  a 
maximum t a i l  angle  of a t t a c k  of 12  , and t h e  r e a c t i o n  moment requi red  t o  balance 
at l o w  speed. 

0 

DISCUSSION 

1 Fan Performance 

Fan s t a t i c  t h r u s t  i n  t h i s  i n v e s t i g a t i o n  w a s  e s s e n t i a l l y  t h e  same as t h a t  
~ 

r epor t ed  i n  r e fe rence  1 ( s e e  f i g .  6 ) .  

E f fec t  of a i rspeed.-  One of t h e  most s i g n i f i c a n t  d i f f e rences  between t h e  fan- 
in-fuselage i n s t a l l a t i o n  and t h e  fan-in-wing i n s t a l l a t i o n  w a s  t h e  e f f e c t  of air-  
speed on f a n  t h r u s t .  
da t a  i n  r e fe rence  1, f o r  t h e  fan-in-fuselage model, f a n  t h r u s t  decreased with 
increas ing  airspeed.  
occurred f o r  a l l  wing conf igura t ions  and f o r  a l l  i n l e t s  t e s t e d .  Observation of 
e x i t  survey rakes  i n d i c a t e d  t h a t  i n l e t s  1 and 2 were i n e f f e c t i v e  i n  tu rn ing  t h e  
air ,  and f a n  i n t e r n a l  performance su f fe red  as a r e s u l t .  
t u rn ing  t h e  air  and improved t h e  f a n  i n t e r n a l  performance; however, f a n  t h r u s t  w a s  
t h e  same as with t h e  o ther  i n l e t s ,  Performance of t h e  r i g h t  f a n  w a s  cha rac t e r i zed  
by premature i n l e t  s epa ra t ion  (as compared with t h e  l e f t  f an )  as t ip-speed r a t i o  
or angle  of a t t a c k  were increased;  a more r a p i d  reduct ion  of l i f t  with a i r speed  

The r e s u l t s  i n  f i g u r e s  7 and 10 show t h a t  i n  con t r a s t  t o  

This  reduct ion  i n  t h r u s t  of both l e f t  and r i g h t  wing r o t o r s  

I n l e t  3 w a s  e f f e c t i v e  i n  
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a l s o  occurred. 
r e t r e a t i n g  blade on t h e  r i g h t  s i d e  of t h e  model w a s  i n  a flow f i e l d  t h a t  can be 
inf luenced by leakage from t h e  f a n  tu rb ine ,  thus  t h e  r i g h t  f a n  could be more sens i -  
t i v e  t o  adverse flow condi t ions.  
vane angles  increased  t h r u s t  r a t h e r  t han  decreased it at higher t ip-speed r a t i o s .  
Apparently t h e  i n c l i n e d  flow environment provided by t h e  i n e f f e c t i v e  i n l e t s  r e s u l t e  
i n  reduced t h r u s t  f o r  t h e  f an  with t h e  exit-vane angle  at 0 . 

One poss ib l e  explanat ion f o r  t h e  d i f f e r i n g  performance i s  t h a t  t h e  

Resul t s  i n  f i g u r e  8 show t h a t  increas ing  e x i t -  

0 

Available  t h r u s t  f o r  propulsion. - Available  t h r u s t  i s  def ined as t h e  increment 
between t h e  power-off and power-on drag of t h e  model, s o  t h a t  t h e  term included 
ram drag f r o m  t h e  f a n  air  flows and pressure  drag caused by t h e  i n t e r a c t i o n  of t h e  
f a n  e f f l u x  and t h e  model flow f i e l d .  Figure 41 presents  t h e s e  r e s u l t s  with and 
without f l a p s .  S imi la r  results from reference  1 are included i n  t h e  f igu re .  I n  
s p i t e  of t h e  reduct ion  i n  f a n  performance noted with t h e  wing i n s t a l l a t i o n  a t  high 
speed, more ho r i zon ta l  t h r u s t  w a s  a v a i l a b l e  than  i n  t h e  fuse lage  i n s t a l l a t i o n .  
result  i s  probably due t o  t h e  d i f f e r e n t  exit-van t h r o t t l i n g  c h a r a c t e r i s t i c s  and 
reduct ion  i n  i n t e r a c t i o n  drag i n  t h e  wing i n s t a l l a t i o n .  The inc rease  i n  t h r u s t  
ava i l ab le  with t h e  f l a p  de f l ec t ed  ind ica t e s  a f u r t h e r  reduct ion  of i n t e r f e rence  dra 

Thi 

Aerodynamic Char a c t  e r i  s t  i c  s 

Longitudinal  c h a r a c t e r i s t i c s . -  Results of small-scale t e s t s  ( r e f .  5 )  and 
t h e o r e t i c a l  s t u d i e s  ( re f .  6)  have ind ica t ed  t h a t  j e t s  or a i r  flow from fans  mounted 
i n  wings will cause a l o s s  of l i f t  as forward speed i s  increased from hover; t h i s  
l i f t  reduct ion  has been c a l l e d  "suck down" or " l i f t  droop" and has been shown t o  
e x i s t  with or without t h e  e f f e c t  of t h e  ground. The magnitude of t h e  r a t i o  of f a n  
area t o  wing a r e a  of t h e  model conf igura t ions  repor ted  he re in  i s  such t h a t  results 
would be subjec t  t o  t h e  l i f t  l o s s  e f f e c t  based on t h e  small-scale t e s t s .  No evi-  
dence of l i f t  l o s s  w a s  found f o r  any of t h e  f l a p  or exit-vane condi t ions s tud ied .  
I n  f a c t  f o r  a l l  configurat ions,  even though forward speed reduced f a n  t h r u s t ,  t h e  
induced e f f e c t s  of t h e  f a n  on t h e  wing were s u f f i c i e n t l y  l a r g e  t o  g ive  an inc rease  
i n  t o t a l  l i f t  with increas ing  forward speed. 

The exi t  vanes ac t ed  e s s e n t i a l l y  as a device f o r  varying h o r i z o n t a l  f o r c e  at 
any given speed f o r  small louver angles  on e i t h e r  s i d e  of t h e  angle  r equ i r ed  f o r  
unaccelerated l e v e l  f l i g h t .  Maximum l i f t  c o e f f i c i e n t  w a s  v i r t u a l l y  unaf fec ted  by 
louver angle;  however, t h e  angle  of a t t a c k  f o r  maximum l i f t  w a s  increased  at low 
t ip-speed  r a t i o s  and s l i g h t l y  decreased a t  high t ip-speed r a t i o s .  A t  low angles  
of a t t a c k  very l i t t l e  l i f t  change occurred when t h e  e x i t  vanes were de f l ec t ed  from 
0' t o  20'; but  a s i g n i f i c a n t  reduct ion  d id  occur over t h e  e n t i r e  speed range when 
t h e  vanes were de f l ec t ed  from 20' t o  40'. 

Angle-of-attack s t a b i l i t y ,  shown i n  f i g u r e  35, w a s  only s l i g h t l y  a f f e c t e d  by 
power, a i rspeed,  and exit-vane angle  as long as t h e  ho r i zon ta l  t a i l  w a s  uns t a l l ed .  
The downwash from f a n  operat ion s t a l & e d  t h e  lower sur face  of t h e  ho r i zon ta l  t a i l  
below t ip-speed r a t i o s  of 0.15 and 0 t a i l  incidence.  

With t h e s e  aerodynamic c h a r a c t e r i s t i c s ,  it should be poss ib l e  f o r  fan-in-wing 
aircraft t o  have good f l y i n g  c h a r a c t e r i s t i c s  throughout t h e  fan-powered f l i g h t  
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range of a i rspeeds.  
i n d i c a t e s  t h a t ,  wi th  t h e  independent drag c o n t r o l  a v a i l a b l e  with t h e  e x i t  vanes, 
r a p i d  and l a r g e  f l i gh t -pa th  changes can be made without adversely a f f e c t i n g  wing 
aerodynamics; hence, l a r g e  angles  of descent should be poss ib l e  a t  low a i r speeds .  

The s m a l l  effect  of exit-vane d e f l e c t i o n  on t h e  model lift 

Moments r equ i r ed  f o r  trimmed f l i g h t . -  Figure 42 p resen t s  t h e  r a t i o  of moment 
t o  be trimmed for unaccelerated f l i g h t  t o  a i r c r a f t  gross  weight as a func t ion  of 
a i r speed  f o r  t h e  fan-in-fuselage model of r e fe rence  2 and t h e  present  fan-in-wing 
model. The moment cen te r  of t h e  model of r e fe rence  2 has  been ad jus t ed  t o  g ive  
t h e  same r a t i o  of unbalance a t  hover as moment cen te r  2 i n  t h e  present  i nves t iga -  
t i o n .  Data i n  f i g u r e  42 show t h a t  with t h e  f l a p s  up, t h e  moment v a r i a t i o n  with 
a i r speed  f o r  t h e  fan-in-fuselage model w a s  about twice t h e  va lue  for t h e  fan-in- 
wing model. This  d i f f e rence  i s  caused pr imar i ly  by t h e  d i f f e r e n t  moment arms of 
t h e  ho r i zon ta l  f o r c e  couple. The deep fuse lage  of t h e  fan-in-fuselage model 
causes a l a r g e  couple moment a r m  which produces a l a r g e  moment due t o  t h e  horizon- 
t a l  fo rce  r equ i r ed  f o r  t r i m .  The pitch-down con t r ibu t ion  of t h e  t r a i l i ng -edge  
f l a p s  and reduced power requirement with f l a p s  down produced a f u r t h e r  reduct ion  
i n  p i t ch ing  moment f o r  t r i m .  The rounding of curves at higher  t r a n s i t i o n  speeds 
i s  a t  least  p a r t i a l l y  caused by t h e  low tu rn ing  e f f i c i e n c y  of t h e  i n l e t .  

It should be noted t h a t ,  wi th  t h e  center-of-gravi ty  p o s i t i o n  under considera- 
t i o n ,  moments t o  be trimmed are of t h e  same order  of magnitude o r  less than  t h e  
moment cont r ibu ted  by d e f l e c t i o n  of t r a i l i ng -edge  f l a p s .  Therefore,  a l i f t i n g -  
f a n  a i r c r a f t  can be designed t o  have a t r i m  moment no l a r g e r  t han  t h a t  f o r  a f l a p -  
ped wing, and t h e  moment change during conversion from fan-supported t o  wing- 
supported f l i g h t  may be no l a r g e r  t han  t h a t  a r i s i n g  from extending t h e  f l a p  on a 
normal a i r c r a f t .  

Ames Research Center 
Nat ional  Aeronautics and Space Administration 

Moffett  F i e ld ,  Calif . ,  Nov. 7, 1962 
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TABLE I.- COORDINATES OF WING AIRFOIL SECTION (NACA 65-210 MODIFIED) 

PARALLFL TO MODEL PLANE OF SYMMrmRY 

Upper surface 

x/c 

0 
.00435 
.0067 8 
.oil69 

07 394 
.09894 
.14899 
19909 

.24921 
29936 
34951 
39968 

.50000 

.60027 

.65036 

.TO043 
-7 5045 
.80044 
.85038 
.go028 
.95014 
1.00000 

.02408 

.04898 

.44984 

.55014 

z/c 

0 
.00819 
00999 - 01273 
017 57 

.02491 

.03069 

.04338 

.04938 
05397 
057 32 
05954 

.06067 

.06058 

.05625 

*03555 

* 05915 

.05217 

.Oh712 

.04128 
-03479 
0 3 8 3  

01327 
.00622 

.Oslo57 

0 

~~ ~ 

Lower surface 

x / c  

0 
.00569 
.00827 - 01337 
.02598 
.05110 
.07614 
.lo417 
,13889 
.17 361 
.20833 
27778 

.41667 

55556 
.62500 
65972 
69954 

974952 
*79953 
84959 
89970 
94985 

-34722 

,48611 

1.00000 

z / c  

0 - 00776 - 00925 - -01141 
- 01498 - .02014 - 02431 

- 03194 -. 03486 

- .02812 

-. 03708 
- .03868 

- .03861 - .03618 - ,03146 - .02806 

- .01867 

- .00803 

.00009 

- 03910 
- -03924 

- -02404 

- 01325 

- 00344 

0 

Leading-edge radius: 0.00687 
Slope of radius through leading-edge: 0.084 
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All dimensions 
i n  

- 

\ Wing t i p  
For config. No. 2 

feet except rWing chord feet except 
as noted 

ment center  No. 1 
Wing Wing Horizontal  

config 1 config 2 T a i l  

as noted 

I-10 . 00 4 
\Moment center  No. 1 

1 Q 5-85 
Wing Wing Horizontal  

config 1 config 2 T a i l  
I 

Area, sq ft 426 .O 305.9 100.0 

Taper r a t i o  0.5 .6a 1.0 
Airfoil sec t ion  65A-UO 65A-UO 63-009 

3.5 2.05 4.97 Aspect r a t i o  

- 
C 11.44 12.50 4.48 

Figure 2.- Geometric d e t a i l s  of the model. 



< 37" - b 

Section A-A 

Figure 3.- Details of the trailing-edge flap and pressure instrumentation. 
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A-30114-1 

I d e t  number 2 
Fixed i n l e t  vanes 

A- 301 14-2 

I n l e t  number 3 
Articulated i n l e t  vanes 

( a )  Photographs of i n l e t s  tes ted .  

Figure 4.- Detai ls  of the  fan i n l e t s .  



See table I1 for 
inlet vane details 

(b) Details of inlet 2. 

Figure 4.- Continued. 
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